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Abstract: We study the gravitational wave spectrum from the confinement-deconfinement phase transi-
tion in the holographic QCD models for both light quark and heavy quark. We obtain the gravitational
wave spectrum in the deflagration, detonation and runaway cases for different chemical potentials and
duration of the phase transition. We find that the gravitational wave spectrum could be observed by
EPTA/IPTA and eLISA for large chemical potential and short duartion of phase transtions.
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1 Introduction
The idea of Gravitational wave (GW) was first proposed by Albert Einstein in 1916 [1, 2], and have been
developing our understanding by Josh Goldberg in 1957, especially how a binary star system generates
GWs [3]. In 1974, Russell Alan Hulse and Joseph Hooton Taylor, Jr. discovered the first binary pulsar,
such discovery earned the Nobel Prize in 1993[4–6]. Pulsar timing observations showed a gradual decay
of the orbital period of the Hulse-Taylor pulsar that matched the angular momentum and energy loss in
gravitational radiation predicted by general relativity.
Until 2016, an hundred years later after Einstein conjectured GW, Virgo and LIGO Scientific collabo-
ration announced two GW events named GW150914 and GW151226 from two merging black holes (BHs)
binary systems [7, 8]. Furthermore, the third and fourth detected GWs signal, called GW170104 [9] and
GW170814 [10], produced by the coalescence of a pair of stellar-mass BHs . Where the GW170814 are the
first signal be detected by three detectors (one for Virgo, others are in LIGO) , thus people can located the
regime of the signals more precisely. Moreover, the fifth detected GWs signal, GW170817, is the first ever
detection of GWs originating from the coalescence of a binary neutron stars system. In contrast to the case
of binary BH mergers, binary neutron star mergers were expected to yield an electromagnetic counterpart,
that is, a light signal associated with the event. A gamma-ray burst (GRB 170817A) [11] was detected by
the Fermi Gamma-ray Space Telescope, occurring 1.7 seconds after the gravitational wave transient. The
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signal, originating near the galaxy NGC 4993, was associated with the neutron star mergers. This was
corroborated by the electromagnetic follow-up of the event (AT 2017gfo) [12], involving 70 telescopes and
observatories and yielding observations over a large region of the electromagnetic spectrum which further
confirmed the neutron star nature of the merged objects and the associated kilonova. Gracefully, the Nobel
Prize in Physics was awarded to Rainer Weiss, Kip Thorne and Barry Barish for their role in the detection
of GWs in 2017. In addition, it has been proven by Bondi that GW carries energy when passing through
the space-time [13, 14]. Because of the cross section of GWs is very small, people expect that GWs still
remind the information under their originated. In general, GWs propagate without attenuation throughout
the relativistic era, tracing back to the Planck time, unless encounter unusual conditions simultaneously
[15].
The source of GWs could be classified into two categories, one is cosmological and another is astro-
physical origin. For the cosmological class, it has long been conjectured that the GW can be produced in
the early universe phenomenon [16, 17], such as, inflation and reheating epochs [18]. For these reasons,
such kind of GWs are often called primordial GWs and are believed that they will left some imprint on the
CMB. Moreover, during the evolution of our universe, it is expected that various phase transitions (PTs)
occurred as the universe cooling down, for instance, QCD PT [20], electroweak PT [21], etc. Measurable
physical quantities are originated from those symmetric breaking along the PTs. During different PTs,
GWs are also expected to be produced with different characteristic features. More generally, the topologi-
cal defects, i.e., cosmic string [22], domain wall [23], etc, will create GWs as well. Therefore, the detection
of GWs due to the cosmological origins serve the probing job to reveal modern physics associated with
the early universe and also the history we passed by. On the astrophysics class, GWs can be produced in
extremely diverse processes, for example, rotation of non-symmetric neutron star, explosion of supernova,
merging binary systems, etc. There is a short review [24]. The corresponding GWs detectors and sources
are labeled in Fig.1.
In order to investigate the GWs through QCD PT, we need to understand the QCD phase diagram as
better as possible. It is widely believed that, the quarks are confined to hadronic bound states, e.g. mesons
and baryons, at low temperature T and small chemical potential µ (low quark density) region, while free
quarks can exist at high temperature and large chemical potential (high quark density) region. Therefore, it
is natural to conjecture that there is a phase transition between the two phases as showed in Fig.2 (carton
phase diagram at m=0). Since QCD itself is a strongly coupled system at low energy, therefore non-
perturbative approaches are needed to attack the problem. Many effective theories have been developed
to study the low energy QCD, such as chiral lagrangain, Nambu-Jona-Lasinio model, quark-meson model,
QCD sum rules, renormalization group, etc., but with different disadvantages. On the other hand, lattice
QCD simulation is the currently most promising treatment to solve the strongly coupled system. However,
lattice techniques can only well-organized in zero chemical potential case and always encounter sign problem
as concerning finite chemical potential. Recently, lattice QCD has developed a few treatments to deal
with the finite density situations, for instance, reweighting or imaginary chemical potential method, even
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Figure 1. The various GW sources and the noise curves of the proposed GW detectors. [19].
µ/T expansion till high order. Nevertheless, these methods are only reliable on small chemical potential
circumstance and are out of control in large chemical potential. Holographic QCD from gauge/gravity
correspondence delivers a new aspect to solve the puzzle of QCD phase structure. AdS/QCD duality is
a low energy limit effective theory from supergravity theory which claims that a strongly coupled field
theory living on boundary spacetime corresponds to a weakly coupled gravitational theory belongs to the
one dimensional higher bulk manifold. In general classification, there are two classes of AdS/QCD models,
one is called top-down approaches, which are established by the ingredients of D-branes from supergravity,
another is called bottom-up approaches, which are mainly made by phenomenology requirements in model
building viewpoint.
Einstein-Maxwell-scalar system is a well-studied bottom-up model. It is useful to study QCD field
theory in 5 dimensional gravitational bulk [25–27] or even arbitrary higher dimensional structure inside
the geometry [28]. In this work, we construct a bottom-up holographic QCD soft-wall model by studying
its duality of 5-dimensional gravitational theory coupled to a Abelian gauge field and a neutral scalar field.
We analytically solve the equations of motion to obtain a family of BH backgrounds which only depend
on two arbitrary functions f(z) and A(z). Without loss of generality, in order to well establish a proper
gravitational theory, we wonder the energy conditions, such as null energy condition (NEC). In the gravity
side, NEC gives a constraint of gauge kinetic function f(z) and warped function A(z). The NEC even
support the reality of neutral scalar field which plays the crucial role in the soft-wall construction. One of
the advantage properties for the soft-wall holographic QCD models is the vector meson spectrum satisfies
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Figure 2. (a)The schematic QCQ phase diagram of hadronic matter was claimed by Cabibbo and Parisi in 1975,
where ρB labels the baryonic density. The transition line divided the phase space into two separated phases. Quarks
are confined to form a bounded state in phase I and unconfined in phase II [29]. (b) Nowadays, lattice simulations
[30, 31] convince people that the QCD phase diagram behaves as (a) in chiral limit, but exists a crossover regime for
massive cases. Light quarks PT should display as (b), otherwise would present as (c) when considering heavy quarks
even the pure gauge limit.
the linear Regge trajectories at zero temperature and zero density, we are able to fix the function f(z),
which has to satisfied the NEC, by requiring the linear meson spectrum. Then, by choosing a suitable
function A(z), we obtain a family of analytically solution of the blackening background which appropriately
describe many important properties in QCD. We explore the phase structure of the BH background by
studying its thermodynamics quantities under different temperature and chemical potential. The phase
diagrams for light and heavy quarks are showed in Fig.2.
Cosmological first-order PT could deliver far-reaching consequence, most of them are constructed by
the fact that the first-order PT proceeds by bubble nucleation and large portion of the available vacuum
energy is stored closed to the bubble walls. The first-order PT is one of the source causing GWs. We use the
QCD confinement PT, not only light mesons but heavy mesons as well, to investigate the GWs spectrum.
First of all, we consider the runaway situation, which means the bubbles wall velocity approaches speed
of light. Then study the no-runaway cases, including detonations and defragrations. In [28], the authors
proved that the speed of sound in (3+1)-dimensional QCD is always less than the conformal limit in any
finite arbitrary chemical potentials. As the last part, we concern the duration of the PT.
The paper is organized as follows. In section 2, we introduce a 5-dim holographic QCD model,
called Einstein-Maxwell-scalar (EMS) model, which has been widely investigate to study various PTs and
receive productive achievements. Afterwards, we explore the confinement-deconfinement PT in section 2.3.
Inserting QCD PT into GWs analysis is arranged in section 3. We conclude our results in the final section.
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2 Deconfinement Phase Transition in Holographic QCD
The EMS system has been widely studied in constructing bottom-up holographic QCD models. In this
section, we briefly review the EMS system. By solving the equations of motion analytically, we obtain a
family of BH solutions which have been extended studied in [25–27]. In this paper, we consider two special
cases among the family of the solutions which correspond to the holographic QCD models for the light and
heavy quarks, respectively.
2.1 Review of EMS System
We consider a 5-dimensional EMS system with probe matter fields. The system can be described by an
action with two parts, background sector SB and matter sector Sm. In Einstein frame, the action can be
written as,
S = SB + Sm, (2.1)
SB =
1
16piG5
∫
d5x
√−g
[
R− f (φ)
4
F 2 − 1
2
∂µφ∂
µφ− V (φ)
]
, (2.2)
Sm = − 1
16piG5
∫
d5x
√−g
[
f (φ)
4
(
F 2V + F
2
V˜
)]
. (2.3)
where G5 is the 5-dimensional Newtonian constant, Fµν = ∂µAν − ∂νAµ is the gauge field strength corre-
sponding to the Maxwell field, f(φ) is the gauge kinetic function associated to Maxwell field and V (φ) is
the potential of the scalar field. The matter part of the EMD system Sm includes two massless gauge fields
AVµ and A
V˜
µ , which are treated as probes in the background, describing the degrees of freedom of vector
mesons and pseudovector mesons on the 4-dimensional boundary.
Now we are in the stage to derive the equations of motion of our EMS system from Eqs.(2.2-2.3). We
first study the background by turning off the probe matters of vector field AVµ and pseudovector field A
V˜
µ ,
the equations of motion can be derived as,
∇2φ = ∂V
∂φ
+
F 2
4
∂f
∂φ
, (2.4)
∇µ [f(φ)Fµν ] = 0, (2.5)
Rµν − 1
2
gµνR =
f(φ)
2
(
FµρF
ρ
ν −
1
4
gµνF
2
)
+
1
2
[
∂µφ∂νφ− 1
2
gµν (∂φ)
2 − gµνV (φ)
]
. (2.6)
We consider the following BH ansatz of the background metric in Einstein frame as
ds2 =
e2A(z)
z2
[
−g(z)dt2 + d~x2 + dz
2
g(z)
]
, (2.7)
φ = φ (z) , Aµ =
(
At (z) ,~0, 0
)
, (2.8)
where z = 0 corresponds to the conformal boundary of the 5-dimensional space-time and g(z) stands for
the blackening factor. Here we have set the radial of AdS5 to be unit by scale invariant.
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The equations of motion Eqs.(2.4-2.6) leads to the following equations for the background fields,
φ′′ +
(
g′
g
+ 3A′ − 3
z
)
φ′ +
(
z2e−2AA′2t fφ
2g
− e
2AVφ
z2g
)
= 0, (2.9)
A′′t +
(
f ′
f
+A′ − 1
z
)
A′t = 0, (2.10)
A′′ −A′2 + 2
z
A′ +
φ′2
6
= 0, (2.11)
g′′ + 3g′
(
A′ − 1
z
)
− fz
2A′2t
e2A
= 0, (2.12)
A′′ + 3A′2 − 2
z
A′ +
(
A′ − 1
z
)(
3g′
2g
− 4
z
)
+
g′′
6g
+
e2AV
3z2g
= 0. (2.13)
As a theory of gravity, considering energy conditions can make the theory more complete and self-consistent.
The null energy condition (NEC) is written as NEC = TµνN
µNν ≥ 0, where the null vector is defined as
gµνN
µNν = 0 and energy momentum tensor is expressed in Eq.(2.6). By choosing the independent null
vectors as
Nµ =
1√
g (z)
N t +
sin θ√
3
N~x + cos θ
√
g (z)N z, (2.14)
where θ is an arbitrary parameter. Thus the NEC requires
TµνN
µNν =
1
2
[
6g
(
A′′ −A′2 + 2
z
A′
)
cos2 θ +
(
g′′ + 3g′A′ − 3g
′
z
)
sin2 θ
]
≥ 0, (2.15)
which, imposed with the above equations of motion, turns out that the gauge kinematic function is non-
negative and ensures the reality of the scalar field φ, i.e. φ′2 ≥ 0 and f ≥ 0.
A set of proper boundary condition is essential role to solve the above equations of motion. In the
holographic point of view, boundary conditions are given at UV and IR which is located at boundary of
the bulk and the BH horizon in the bulk, respectively. We impose the boundary conditions that the metric
in the string frame to be asymptotic to AdS5 at the boundary z = 0 and the BH solutions are regular at
the horizon z = zH .
(i) z → 0 :
A(0) +
√
1
6
φ(0) = 0, g(0) = 1. (2.16)
(ii) z = zH :
At(zH) = g(zH) = 0
1. (2.17)
1Because of AµA
µ = gttAtAt. Thus, it is a natural physical requirement to suppress Aµ(zH)A
µ(zH) converge, since g
tt(zH)
is divergent.
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The equations of motion Eqs.(2.9-2.12) can be solved analytically as,
φ (z) =
∫ z
0
dy
√
−6
(
A′′ −A′2 + 2
z
A′
)
, (2.18)
At (z) = µ
(
1−
∫ z
0
y
feA
dy∫ zH
0
y
feA
dy
)
= µ− ρz2 + · · · , (2.19)
g (z) = 1−
∫ z
0
y3
e3A
dy∫ zH
0
y3
e3A
dy
+
µ2
∣∣∣∣∣
∫ zH
0
y3
e3A
dy
∫ zH
0
y3
e3A
dy
∫ y
0
x
feA
dx∫ z
zH
y3
e3A
dy
∫ z
zH
y3
e3A
dy
∫ y
0
x
feA
dx
∣∣∣∣∣(∫ zH
0
y3
e3A
dz
)(∫ zH
0
z
feA
dz
)2 , (2.20)
V (z) = −3gz
2
e2A
[(
A′′ + 3A′2 − 2
z
A′
)
+
(
A′ − 1
z
)(
3g′
2g
− 4
z
)
+
g′′
6g
]
. (2.21)
where µ is the baryon chemical potential, by the holographic dictionary of the gauge/gravity correspon-
dence, and ρ is the baryon density that relates to the chemical potential as,
ρ =
µ
2
∫ zH
0
y
feA
dy
. (2.22)
In the solution (2.18-2.21), the different choice of the functions A (z) and f (z) corresponds to the different
BH solutions. However, NEC constrains the choice of the functions A (z) and f (z) in Eq.(2.15).
2.2 Meson Mass Spectrum
As mentioned in the introduction, one of the crucial properties for the soft-wall holographic QCD models is
that the vector meson spectrum satisfies the linear Regge trajectories at zero temperature and zero density,
i.e. µ = 0. This issue was first addressed in the soft-wall model [32] using the method of AdS/QCD duality.
We consider the 5-dimensional probe vector field V in the action Eq.(2.3). The equation of motion for
the vector field reads
∇µ
[
f (φ)FµνV
]
= 0. (2.23)
By fixing the gauge Vz = 0, the equation of motion of the transverse part of the vector field Vµ (∂
µVµ = 0)
in the background Eq.(2.7) reduces to
− ψ′′i + U (z)ψi =
(
ω2
g2
− p
2
g
)
ψi, (2.24)
where we have performed the Fourier transformation for the vector field Vi as
Vi (x, z) =
∫
d4k
(2pi)4
eik·xvi (z) , (2.25)
and
vi =
(
z
eAfg
)1/2
ψi ≡ Xψi, (2.26)
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with the potential function
U (z) =
2X ′2
X2
− X
′′
X
. (2.27)
In the case of zero temperature and zero chemical potential, we expect that the discrete spectrum of the
vector mesons obeys the linear Regge trajectories. The above Eq.(2.24) reduces to a Schro¨dinger equation
− ψ′′i + U (z)ψi = m2ψi, (2.28)
where −m2 = k2 = −ω2 + p2. To produce the discrete mass spectrum with the linear Regge trajectories,
the potential U (z) should be in certain forms. A simple choice is to fix the gauge kinetic function as
f (z) = e±cz
2−A(z), (2.29)
which leads the potential to be
U (z) = − 3
4z2
− c2z2. (2.30)
The Schro¨dinger Eq.(2.28) with the potential in Eq.(2.30) has the discrete eigenvalues
m2n = 4cn, (2.31)
which is linear in the energy level n as we expect for the vector spectrum at zero temperature and zero
density which was well known as the linear Regge trajectories [33]. It is worth to emphasize that, the mass
tower of the considering linear vector meson is only depends on a parameter c in this proper choice of the
gauge kinetic function f(z).
For the holographic QCD model of light quarks, by fitting the mass Regge spectrum with ρ meson
tower, we fixed the parameter c = 0.227GeV . While for the model of heavy quarks, by fitting the mass
Regge spectrum with the j/ψ quarkonium states, we fixed the parameter c = 1.16GeV .
Once we fix the gauge kinetic function f(z), the equations of motion Eqs.(2.10-2.13) can be analytically
solved as
φ′ (z) =
√
−6
(
A′′ −A′2 + 2
z
A′
)
, (2.32)
At (z) = µ
(
1− 1− e
cz2
1− ecz2H
)
, (2.33)
g (z) = 1−
∫ z
0
y3
e3A
dy∫ zH
0
y3
e3A
dy
+
2cµ2
∣∣∣∣∣∣∣
∫ zH
0
y3
e3A
dy
∫ zH
0
y3
e3A−cy2
dy∫ z
zH
y3
e3A
dy
∫ z
zH
y3
e3A−cy2
dy
∣∣∣∣∣∣∣(
1− ecz2H
)2 (∫ z
0
y3
e3A
dy
) , (2.34)
V (z) = −3gz
2
e2A
[(
A′′ + 3A′2 − 2
z
A′
)
+
(
A′ − 1
z
)(
3g′
2g
− 4
z
)
+
g′′
6g
]
. (2.35)
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Eqs.(2.18-2.21) represent a family of solutions for the BH background depending on the warped factor
A (z), which could be arbitrary function satisfies the boundary condition in Eq.(2.16). However, null energy
constraint the expression under the squared root in Eq.(2.18) is positive for z ∈ (z, zH) to guarantee a real
scalar field φ(z).
For the holographic QCD model of light quarks, we choose the warped factor A (z) = −a ln(bz2+1) with
a = 4.046 and b = 0.01613. For the model of heavy quarks, we choose the warped factor A(z) = −cz2/3−bz4
with b = 0.273GeV . The parameters in the warped factors are fixed by comparing the PT temperature
with lattice QCD simulations.
2.3 Phase Structure of the Black Hole Background
In this section, we review the phase structure of the BH background in Eqs.(2.18-2.21) which we obtained
in the last section. The entropy density and the Hawking temperature can be calculated as,
s =
e3A(zH)
4z3H
, (2.36)
T =
z3He
−3A(zH)
4pi
∫ zH
0
y3
e3A
dy
1− 2cµ2 ecz2H ∫ zH0 y3e3Ady − ∫ zH0 y3e3A−cy2 dy(
1− ecz2H
)2
 . (2.37)
The free energy in grand canonical ensemble can be obtained from the first law of thermodynamics ,
F = − Ts− µρ, (2.38)
where  labels the internal energy density. Comparing the free energies between different sizes of BHs at the
same temperature under certain finite value of chemical potential, we are able to obtain the phase structure
of BHs which corresponds to the phase structure in the holographic QCD due to AdS/CFT correspondence.
The free energy in grand canonical ensemble can be calculated from the first law of thermodynamics. At
fixed volume, we have
dF = −sdT − ρdµ. (2.39)
Thus, the free energy for a given chemical potential µ can be evaluated by an integral,
F = −
∫
sdT =
∫ ∞
zH
s(zH)T
′(zH)dzH , (2.40)
where we have normalized the free energy of the BHs vanishing at zH →∞, i.e. T = 0, which is equal to
the free energy of the thermal gas.
2.3.1 Phase Transition for Light Quarks
The temperature as the function of the horizon, at various chemical potentials, are plotted in Fig.3. At
small chemical potential, 0 ≤ µ < µc, the temperature behaves as a monotonous function of horizon and
decreases to zero at infinity horizon. Manifestly, there is no PT because of the monotonous behavior of
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(a) (b)
Figure 3. (a) The BH temperature v.s. horizon at different chemical potentials, where µc = 0.04779 GeV . We
enlarge the PT region in (b) to display the detail structure.
(a) (b)
Figure 4. (a) The free energy v.s. temperature at various chemical potentials. The free energy behaves as a
multivalued function of temperature with the swallow-tailed shapes at µ > µc and becomes monotonous at µ < µc.
(b) The phase diagram in T−µ plane. For the large chemical potential µ > µc, the system undergoes a first-order PT
at a finite temperature and ends at the critical endpoint (µc, Tc) ' (0.04779, 0.1578). For small chemical potential
0 ≤ µ < µc, the PT reduceds to a crossover. The zero temperature PT is located at µT=0 = 0.5695.
temperature . At large chemical potential, µ ≥ µc, the temperature becomes multivalued which implies
that there will be a PT between BHs with different sizes.
The free energy v.s. temperature at various chemical potentials is plotted in Fig.4(a). The intersection
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(a) (b)
Figure 5. (a) The BH temperature v.s. horizon at different chemical potentials, where µc = 0.714 GeV . We enlarge
the PT region in (b) to display the detail structure.
of free energy implies that there exists a PT between two BHs with different sizes at the PT temperature.
For µ > µc, the free energy behaves as the swallow-tiled shape and shrinks into a singular point at µ = µc,
then disappears for µ < µc. The behavior of the free energy implies that the system undergoes a first-order
PT at each fixed chemical potential µ > µc and ends at the critical endpoint at (µc, Tc) where the PT
becomes second order. For µ < µc, the PT reduces to a crossover.
The phase diagram of BH to BH PT is plotted in Fig.4(b).
2.3.2 Phase Transition for Heavy Quarks
The temperature and free energy are plotted in Fig.5 and Fig.6. The free energy v.s. temperature at
various chemical potentials is plotted in Fig.6(a). For µ < µc, the free energy behaves as the swallow-tiled
shape and shrinks into a singular point at µ = µc, then disappears for µ > µc. The behavior of the free
energy implies that the system undergoes a first-order PT at each fixed chemical potential µ < µc and
ends at the critical endpoint at (µc, Tc) where the PT becomes second-order. For µ > µc, the PT reduces
to a crossover.
The phase diagram of BH to BH PT is plotted in Fig.4(b). It is clear that compared to the light quark
sector, the phase diagram behaves up-side-down, as we briefly introduce in the previous section and recall
Fig.2. In the heavy quark scenario, as the temperature cooling down, the first-order PT will become the
second-order at the critical end point of the PT, and finally weaken to crossover. The details are explained
in our previous works [25, 27].
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(a) (b)
Figure 6. (a) The free energy v.s. temperature at chemical potentials µ = 0, 0.5, 0.714, 1GeV . At µ = 0, the
free energy intersect with the x-axis at T = THP where the BH dissolves to thermal gas by Hawking-Page PT. For
0 < µ < µc ' 0.714GeV , the temperature reaches its maximum value where the free energy turns back to intersect
with itself at T = TBB where the BH to BH transition happens. For µ > µc, the swallow-tailed shape disappears and
there is no PT in the BH background. (b) The phase diagram in T and µ plane. At small µ, the system undergoes
a first-order PT at finite T . The first-order PT stops at the critical point (µc, Tc) = (0.714GeV, 0.528GeV ), where
the PT becomes second-order. For µ > µc, the system weaken to a sharp but smooth crossover [25].
3 Gravitational Waves
In general, GWs are radiated by objects whose motion involves acceleration and its change, provided that
the motion is not perfectly spherically symmetric (like an expanding or contracting sphere) or rotationally
symmetric (like a spinning disk or sphere). The heavier the objects, and the faster it tumbles, the greater
is the gravitational radiation it will give off. More technically, the second time derivative of the quadrupole
moment (or the lth time derivative of the lth multipole moment) of an isolated system’s stressenergy tensor
must be non-zero in order for it to emit gravitational radiation. This is analogous to the changing dipole
moment of charge or current that is necessary for the emission of electromagnetic radiation.
The frequency of GWs is characterized by the time scale of its dynamical system, for instance, the
frequency of a binary system of two entangled celestial objects correspondences to the frequency they
emitted. In principle, gravitational waves could exist at any frequency. Usually, people can classify the
GWs in frequency zones. However, very low frequency waves would be impossible to detect and there is
no credible source for detectable waves of very high frequency. Stephen Hawking and Werner Israel list
different frequency bands for gravitational waves that could plausibly be detected, ranging from 107Hz
up to 1011Hz [34]. The source of GWs can be recognized from big bang, inflation, gravitational collapses,
Gamma-ray burst, supernovae, spinning neutron stars, pulsars, binary systems, extreme mass ratio inspiral,
– 12 –
ets.
frequency [Hz] Sources
100 ∼ 105 binary BHs, binary neutron star, supernovae, first-order PT
10−6 ∼ 100 supermassive BHs, binary star systems composed of white dwarfs, first-order PT
10−9 ∼ 10−6 supermassive BHs, pulsar, cosmic string cusp, inflation, first-order PT
10−18 ∼ 10−15 cosmic microwave background radiation, inflation
GW from BHs merging has been observed in Laser Interferometer Gravitational-Wave Observatory
(LIGO). The frequency of the GW from the binary systems is around 100 ∼ 105Hz , which can be
detected by the ground interferometers, such as LIGO and Virgo. On the other hand, the frequency of the
primordial GW created by cosmic inflation during the early universe is around 10−16 ∼ 10−18Hz, which
can be detected by cosmology microwave background polarization. Besides the above two GW sources,
it has been argued that the first-order PT during the universe expansion can generate GW as well. The
frequency of the GW from PTs is around 10−1 ∼ 10−9Hz. For the frequency within 10−1 ∼ 10−5Hz, space
interferometers, which have longer arms than the ground interferometers, are proposed to accomplish the
measurement, such as Laser Interferometer Space Antenna (LISA) and Evolved Laser Interferometer Space
Antenna (eLISA). For the frequency within 10−6 ∼ 10−9Hz, milisecond pulsar timing array is proposed
to detect the GW, such as European Pulsar Timing Array (EPTA), International Pulsar Timing Array
(IPTA) and Square Kilometre Array (SKA). In this paper, we focus on the GW from PTs. We will
calculate the GW spectrum in various physics conditions and determine whether they can be detected by
LISA/eLISA or EPTA/IPTA/SKA.
It has been argued that the first-order PT from a symmetric high temperature phase to a symmetry-
breaking low temperature phase will generate GW [24]. As the temperature decreasing, the unstable false
vacuum transfers to the stable true vacuum that creates some vacuum bubbles with the bubble walls. The
vacuum bubbles will expand because of the vacuum energy released from the initial phase. The expanding
speed of a bubble wall vb depends on the friction by the plasma and the difference between the inside
pressure and the outside pressure of the bubble wall. As the bubbles expanding, the inside speed v− and
the outside speed v+ are given by [41]
v+ =
1
1 + α
(v−
2
+
1
6v−
)
±
√(
v−
2
+
1
6v−
)2
− 1
3
+ α2 +
2
3
α
 , (3.1)
where the ± sign in Eq.(3.1) corresponds to the detonation with v− < v+ = vb and the deflagration with
v+ < v− = vb respectively, α labels the strength of the PTs and is one of the most important parameters in
identifying the properties of the GW spectrum [37]. α is defined as the ratio of the vacuum energy density
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to the thermal energy density,
α =
∗
pi2
30 g∗T
4∗
, (3.2)
∗ =
[
−∆F (T ) + T d
dT
∆F (T )
]
T=T∗
, (3.3)
T∗ is the temperature at which the PT takes place, the number of effective relativistic degree of freedom
at the QCD PT is about g∗ ' 10 and ∗ refers to the latent heat density at the PT where ∆F labels the
free energy dierence between the two phases.
As we mentioned in Eq.(3.1), in the detonation case, the speed of bubble wall is always greater than
the speed of sound, while in the deflagration case, the bubble wall speed is always less than the speed of
sound. Furthermore, if the friction by the plasma is too small to prevent the wall from accelerating, the
bubble wall speed will reaches the speed of light eventually, which corresponds to the case of runaway.
The possibility that the QCD first-order PT produces a detectable GW signal was first proposed by
Witten in 1984 [36]. As we see in Fig.4, for µ < µc, the deconfinement transition is a crossover, while for
µ > µc, the transition becomes first-order. It has been shown that the detectable GW might be produced
as long as the PT is sufficiently strong and lasts for a long time. The GW production can be observed
in the pulsar timing experiments [37]. Latent heat, refers to Eq.(3.3) and Eq.(2.40), is a indicator which
reveals that there is a mount of difference between the energy densities of the two phases in first-order
PT. Transition temperature T∗ is the temperature where the two phases have the equal pressure and can
coexist. As the universe expands, it lost energy, and the universe remains at T∗ until the full latent heat
of the transition is eliminated.
The GW created from the bubble percolation includes three contributions: bubble collision, sound
waves and turbulent Magnetohydrodynamic (MHD). In the following, we will give the numerical formulae
to calculate the GW for each contribution.
3.1 Bubbles Collision
Bubble collisions was first realized by Witten in 1984 [36]. It can be studied by using the envelope
approximation [38]. The numerical fits gives the energy density of the GW from bubbles collision,
h2Ωen = 3.5× 10−5
(
H∗
τ
)2( κα
1 + α
)2(10
g∗
)1/3 ( 0.11v3b
0.42 + v2b
)
Sen(f), (3.4)
where the spectral shapes of the GW by the numerical fits is
Sen(f) =
3.8( ffen )
2.8
1 + 2.8( ffen )
3.8
, (3.5)
– 14 –
which is almost a function of f3 for small frequencies and f−1 for frequencies larger than the peak frequency.
The present red-shifted peak frequency fen is expressed as
fen(f) = 1.13× 10−8
(
f∗
τ
)(
τ
H∗
)(
T∗
100
)(
g∗
10
)1/6
, (3.6)
f∗
τ
=
0.62
1.8− 0.1vb + v2b
, (3.7)
H∗ =
√
8pi3g∗
90
T 2∗
mpl
, (3.8)
where τ−1 is the duration of the PT, H∗ is Hubble parameter at the PT and the Planck mass mpl =
1.22 × 1022 MeV. In this paper, we mainly use τ = H∗ to demonstrate our results. However, we still
remains for tuning different proportion of H∗ in our following discussion in Fig.10. Bubbles produced by
quantum tunneling grow with wall the velocity vb. It is possible for vb approaches to the speed of light,
which called runaway configuration. The criterion for runaway bubbles is the value of α compared with
α∞ (the minimum value of for runaway bubbles),
α∞ =
30
24pi2
∑
a ca∆m
2
a
g∗T 2∗
, (3.9)
where ca = 1 (1/2)Na is the degrees of freedom for bosonic (fermionic) species and ∆ma is the mass
difference of the particle between two phases. We choose ∆ma ' 300 MeV and Na = 6 as in [40]. For
relativistic velocities, the efficiency factor κ , that measures the fraction of the vacuum energy converted
to the kinetic energy of the bubbles, is defined as [41]
κ = 1− α∞
α
. (3.10)
For non-relativistic velocities, the GW from bubbles collision can be neglected.
3.2 Sound Waves and MHD Turbulence
Apart from bubbles collision, there are two processes involved in production of the GW, sound waves
and MHD turbulence. Hence, the contribution of the GW energy density from sound waves and MHD
turbulence are
h2Ωsw = 5.7× 10−6
(
H∗
τ
)(
κvα
1 + α
)2(10
g∗
)1/3
vbSsw(f), (3.11)
h2Ωtu = 7.2× 10−4
(
H∗
τ
)(
κtuα
1 + α
)3/2 (10
g∗
)1/3
vbStu(f). (3.12)
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The spectral shapes of the GW from sound waves and MHD turbulence are
Ssw(f) =
(
f
fsw
)3( 7
4 + 3
(
f
fsw
)2)7/2 , (3.13)
Stu(f) =
(
f
ftu
)3
(1 + fftu )
11/3(1 + 8pifh∗ )
, (3.14)
where the red-shifted Hubble frequency h∗ is
h∗ = 1.1× 10−8
(
T∗
100
)(
g∗
10
)1/6
. (3.15)
The peak frequency of difference processes are
fsw = 1.3× 10−8
(
1
vb
)(
τ
H∗
)(
T∗
100
)(
g∗
10
)1/6
, (3.16)
ftu = 1.8× 10−8
(
1
vb
)(
τ
H∗
)(
T∗
100
)(
g∗
10
)1/6
. (3.17)
The spectral shape of the GW is scaled as f3 with the frequencies below the peak frequency and as f−4
from sound waves and f−5/3 from MHD for larger frequencies. For relativistic velocities, i.e. the runaway
case, κv is given by [41],
κv =
α∞
0.73 + 0.083
√
α∞ + α∞
, (3.18)
and κtu = κv is the relation of the fraction of the latent heat in two processes. We take  ' 0.05. For
non-relativistic velocities, the bubble wall velocity terminates at a certain velocity slower than the speed of
light. If a first-order PT take place, the transition into the true vacuum proceeds due to bubble nucleation
and percolation. Dynamics of these bubbles plays a importance role in the GWs production. There are two
sorts of combustion modes, detonation and deflagration. When the bubble wall expands faster than the
speed of sound, combustion occurs through detonation and deflagration serves for the subsonic velocity.
In the detonation case, the Chapman-Jouguet condition [21, 39, 41] gives
κv =
√
α
0.135 +
√
0.98 + α
, vb =
√
α
(
α+ 23
)
+
√
1
3
1 + α
. (3.19)
While in the deflagration case,
κv =
6.9 v1.2b α
1.36− 0.037√α+ α, (3.20)
with vb ≤ cs.
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3.3 Gravitational Waves Spectrum
In the case of runaway, we need to consider all three sources of the GW. The total energy density of the
GW is
h2Ωtot(f) = h
2Ωen + h
2Ωsw + h
2Ωtu, (3.21)
Concerning the non-relativistic bubbles wall velocity, the GW from bubbles collision can be neglected.
Therefore, the energy density only includes the contributions from the sound waves and the MHD turbu-
lence,
h2Ωtot(f) = h
2Ωsw + h
2Ωtu. (3.22)
We list a short summary in each conditions as follows.
1. Runaway bubbles (vb ' c = 1), α∞ < α: h2Ωtot(f) = h2Ωen + h2Ωsw + h2Ωtu
2. No-runaway bubbles (vb < c), α∞ > α: h2Ωtot(f) = h2Ωsw + h2Ωtu
(a) detonations, vb > cs
(b) defragrations, vb ≤ cs
The GWs spectrum for the light quarks are plotted in Fig.7. Fig.7a shows the GWs spectrum in the
runaway case with the bubble wall velocity vb = c and the chemical potential µ = 0.1GeV . All three
sources contribute to the GW spectrum in this case. The dark-green dashed line represents the source of
the bubble collision, the light-green dashed line represents the source of sound waves and the blue dashed
line represents the source of the MHD. The total GW spectrum is plotted in the red solid line, which is
dominated by the contribution from the bubble collision by about three orders. The peak of the total GW
spectrum is around 10−8 ∼ 10−9Hz with the maximal energy density ∼ 10−7GeV , which is detectable
for EPTA/IPTA/SKA. At the higher frequency, the energy density decreases quickly so that it cannot be
detected by LISA/eLISA. The total GW spectrum in the runaway case with different chemical potentials
are plotted in Fig.7b. Since the confinement-deconfinement transformation for the light quark near µ ∼ 0
is a crossover instead of a PT, we plot the total GW spectrum in Fig.7b from the critical value of the
chemical potential µc = 0.04779GeV up to µ = 0.25GeV from top to bottom. The results illustrate that
the peak of the total GW spectrum in the runaway case is almost not affected by the changing of the
chemical potential, while the maximal energy density will be depressed with increasing chemical potentials
that is in consistent with the results in [43]. Nevertheless, the total GW spectrum in the runaway case is
always in the detectable scope of EPTA/IPTA/SKA.
Fig.7c and Fig.7e shows the GWs spectrum in the non-runaway cases with the chemical potential
µ = 0.1GeV . Fig.7c is for the denotation case with the bubble wall velocity satisfying the Chapman-
Jouguet condition. Fig.7e is for the deflagration case with the bubble wall velocity vb = 0.1c. In the
both non-runaway cases, only two sources contribute to the GW spectrum. The light-green dashed line
represents the source of sound waves and the blue dashed line represents the source of the MHD. The total
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Figure 7. For light quarks. (a)(b) The GW spectrum for µ = 0.1GeV in the runaway case with the bubble wall
velocity vb = c and different chemical potential µ. (c)(d) The GW spectrum for µ = 0.1GeV in the detonation case
and different chemical potential µ. (e)(f) The GW spectrum for µ = 0.1GeV in the deflagration case (vb = 0.1c) and
different chemical potential µ.
GW spectrum is plotted in the red solid line, which is dominated by the contribution from the sound waves
at low frequency and is dominated by the contribution from the MHD at high frequency. The peaks of the
total GW spectrum are around 10−8Hz in the denotation case and around 10−7Hz in the deflagration case,
respectively. The maximal energy density in the denotation case ∼ 10−8GeV , which is in the detectable
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Figure 8. For heavy quarks. (a)(b) The GW spectrum for µ = 0.1GeV in the runaway case with bubble wall
velocity vb = c and different chemical potential µ. (c)(d) The GW spectrum for µ = 0.1GeV in the detonation case
and different chemical potential µ. (e)(f) The GWs spectrum for µ = 0.1GeV in the deflagration case (vb = 0.1c)
and different chemical potential µ.
scope of EPTA/IPTA/SKA. The maximal energy density in the deflagration case ∼ 10−11GeV and is
not detectable in any of the proposed detectors. At the higher frequency, similar to the runaway case,
the energy densities decreases quickly so that they cannot be detected by LISA/eLISA. The total GW
spectrum in the non-runaway cases with different chemical potentials are plotted in Fig.7d and Fig.7f.
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Figure 9. GW spectrum for heavy (blue) and light (red) meson at chemical potential µ = 0.1GeV in different
sectors: runaway case is solid line, detonation case is dash line and deflagration is point line. It is clear that the
transition scale between heavy/light meson confinement PT also perform in the gravitational spectrum.
The results illustrate that the peak of the total GW spectrum in the non-runaway cases are almost not
affected by the changing of the chemical potential, while the maximal energy density will be depressed
with increasing chemical potentials [43]. The total GW spectrum in the detonation case is detectable up
to µ = 0.25GeV for SKA.
The GW spectrum for the heavy quarks are plotted in Fig.8. The behaviors of the GW spectrum for
the heavy quarks are similar to that for the light quarks, but with higher energy density. In the runaway
case, the GW spectrum is detectable for not only EPTA/IPTA/SKA but also for LISA at higher frequency.
In the detonation case, the GW spectrum is detectable for both IPTA and SKA. However, the deflagration
case is still out of the detectable scope of any proposed detector.
We summary our results in Fig.9, in which the total GW spectrum in the runaway, detonation and
deflagration cases for both light and heavy quarks are plotted. The red lines are for the light quarks,
while the blue lines are for the heavy quarks. Furthermore, the solid/dashed/dotted lines represent the
total GW spectrum in the runaway/detonation/deflagration cases. In the runaway case, the GW spectrum
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Figure 10. The GW spectrum (a), (b) and (c) are calculated from light quark model with different cases at chemical
potential µ = 0.1GeV in different duration τ−1.
for both light and heavy quarks are detectable for EPTA/IPTA/SKA. In addition, the GW spectrum for
heavy quarks is detectable for LISA. In the detonation case, the GW spectrum for heavy quarks can be
detected by SKA and maybe IPTA, while that for light quarks just passes the noise curve of SKA a little
bit and could be detected if lucky enough. But at high frequency, both of them are not detectable for
LISA/eLISA. In the deflagration case, the GW spectrum for either light or heavy quarks are not detectable
for the currently proposed detectors. To sum up, the GW spectrum in the runaway case has much more
chance to be detected than the other two cases, especially for heavy quarks.
In the most of this paper, we have fixed the duration of the PT τ = H∗. However, the reasonable
range for the duration of the PT is around 0.1H∗ ∼ 10H∗. The different value of the duration will affect
the behavior of the GW spectrum. We demonstrated the GW spectrum of light quarks with µ = 0.1GeV
for different duration. The results are plotted in Fig.10. The blue, red and green lines represent the
GW spectrum with the duration τ = 0.1H∗, H∗, 10H∗, respectively. The results shows that reducing
the duration of the PT significantly enhances the energy density of the GW spectrum, and eventually
increases the possibility to detect the GW by the currently proposed detectors. In the runaway case, the
GW spectrum with τ = 0.1H∗ becomes detectable for LISA. In the detonation case, the GW spectrum with
τ = 0.1H∗ is clearly detectable for EPTA/IPTA/SKA. In the deflagration case, the GW spectrum with
τ = H∗ could not be detected by any proposed detector, but with τ = H∗, it is detectable for IPTA/SKA.
4 Conclusion
In this paper, we have studied the GW spectrum created from the first-order PT during the expansion
of the early universe. The PT is identified with the confinement-deconfinement transition in QCD. We
considered two holographic QCD models for either light or heavy quarks, respectively.
The energy density of the GW spectrum from various sources: bubble collision, sound waves and
MHD turbulence have been calculated by using the numerical fitting formula. Classified by the bubbles
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wall velocity vb, there are three cases: runaway (vb ∼ c), detonations (cs < vb < c) and defragrations
(vb ≤ cs). We calculated the GW spectrum for both light and heavy quarks in all three cases with different
chemical potentials and duration of the PT. We compared the energy density of the GW spectrum with
the noise curves of the currently proposed GW detectors: LISA/eLISA for the frequency 10−1 ∼ 10−5Hz
and EPTA/IPTA/SKA for the frequency 10−6 ∼ 10−9Hz.
We list our results as follows:
• In the runaway case, the dominant contribution comes from the bubble collision.
• In the detonation and deflagration cases, the effect of the bubble collision can be ignored, and the
dominant contribution comes from the sound waves for the low frequency and the MHD turbulence
for the high frequency.
• Increasing the chemical potential decreases the energy density of the GW spectrum.
• Reducing the duration of the phase transition significantly enhances the energy density of the GW
spectrum.
• For light quarks with µ = 0.1GeV and τ = H∗,
1. in the runaway case, the GW spectrum is detectable by EPTA/IPTA/SKA,
2. in the denotation case, the GW spectrum is detectable by IPTA/SKA, and might be by EPTA,
3. in the deflagration case, the GW spectrum is not detectable at all by the currently proposed
detectors.
• For heavy quarks with µ = 0.1GeV and τ = H∗,
1. in the runaway case, the GW spectrum is detectable by EPTA/IPTA/SKA, as well as LISA,
2. Iin the denotation case, the GW spectrum is detectable by IPTA/SKA,
3. in the deflagration case, the GW spectrum is not detectable at all by the currently proposed
detectors.
Acknowledgements
This work is supported by the Ministry of Science and Technology (MOST 106-2112-M-009-005-MY3) and
in part by National Center for Theoretical Science (NCTS), Taiwan.
References
[1] A. Einstein, Approximation Integration of the Field Equations of Gravitation, Sitzungsber. Preuss. Akad.
Wiss. Berlin (Math. Phys.) 1916 (1916) 688696.
– 22 –
[2] A. Einstein, ber Gravitationswellen, Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys.) 1918 (1918)
154167.
[3] P. R. Saulson, Josh Goldberg and the physical reality of gravitational waves, Gen. Rel. Grav. 43 (2011)
32893299.
[4] Jorge L. Cervantes-Cota, Salvador Galindo-Uribarri, George F. Smoot,”A Brief History of Gravitational
Waves”, arXiv:1609.09400 [physics.hist-ph].
[5] Taylor, J. H., Fowler, L. A., McCulloch, P. M.,”Measurements of general relativistic effects in the binary
pulsar PSR 1913+16”, Nature volume 277 (1979).
[6] Taylor, J. H., Weisberg, J. M.,”A new test of general relativity - Gravitational radiation and the binary pulsar
PSR 1913+1” ,Astrophysical Journal, Part 1, vol. 253 (1982).
[7] Virgo, LIGO Scientific collaboration, B. P. Abbott et al., Observation of Gravitational Waves from a Binary
Black Hole Merger, Phys. Rev. Lett. 116 (2016) 061102, arXiv:1602.03837 [gr-qc].
[8] Virgo, LIGO Scientific collaboration, B. P. Abbott et al., GW151226: Observation of Gravitational Waves
from a 22-Solar-Mass Binary Black Hole Coalescence, Phys. Rev. Lett. 116 (2016) 241103, arXiv:1606.04855
[gr-qc].
[9] Virgo, LIGO Scientific collaboration, B. P. Abbott et al., ”GW170104: Observation of a 50-Solar-Mass Binary
Black Hole Coalescence at Redshift 0.2”, arXiv:1706.01812 [gr-qc].
[10] Virgo, LIGO Scientific collaboration, B. P. Abbott et al., ”GW170814: A Three-Detector Observation of
Gravitational Waves from a Binary Black Hole Coalescence”, arXiv:1709.09660 [gr-qc].
[11] L. Resmi, S. Schulze, C. H. Ishwara Chandra, K. Misra, J. Buchner, M. De Pasquale, R. Sanchez Ramirez, S.
Klose, S. Kim, N. R. Tanvir, P. T. O’Brien, ”Low frequency view of GW 170817/GRB 170817A with the
Giant Meterwave Radio Telescope”, arXiv:1803.02768 [astro-ph.HE].
[12] Stefano Valenti, David J. Sand, Sheng Yang, Enrico Cappellaro, Leonardo Tartaglia, Alessandra Corsi,
Saurabh W. Jha, Daniel E. Reichart, Joshua Haislip, Vladimir Kouprianov, ”The discovery of the
electromagnetic counterpart of GW170817: kilonova AT 2017gfo/DLT17ck”, arXiv:1710.05854 [astro-ph.HE].
[13] H. Bondi, Plane gravitational waves in general relativity, Nature 179 (1957) 10721073.
[14] H. Bondi, F. A. E. Pirani and I. Robinson, Gravitational waves in general relativity. 3. Exact plane waves,
Proc. Roy. Soc. Lond. A251 (1959) 519533.
[15] Vishniac, 1982. E. T., ”Groups of galaxies. I - Nearby groups”, Astrophys. J., 257, 456.
[16] Carr, B. J., 1980. Cosmological gravitational waves - Their origin and consequences, Astr. Astrophys., 89, 6.
[17] Rees, M. J., 1983. In: Gravtitational Radiation, eds Deruelle, N. and Piran, T., North-Holland, Amsterdam.
[18] Amjad Ashoorioon, Brandon Fung, Robert B. Mann, Marius Oltean, M. M. Sheikh-Jabbari, ”Gravitational
Waves from Preheating in M-flation”, arXiv:1312.2284 [hep-th].
[19] Christopher J. Moore, Robert H. Cole, Christopher P. L. Berry, ”Gravitational-wave sensitivity curves”,
arXiv:1408.0740 [gr-qc].
– 23 –
[20] M. Ahmadvand, K. Bitaghsir Fadafan, ”Gravitational waves generated from the cosmological QCD phase
transition within AdS/QCD”, arXiv:1703.02801 [hep-th].
[21] Marc Kamionkowski, Arthur Kosowsky, Michael S. Turner, ”Gravitational Radiation from First-Order Phase
Transitions”, arXiv:astro-ph/9310044.
[22] Lara Sousa, Pedro P. Avelino, ”Probing Cosmic Superstrings with Gravitational Waves”, arXiv:1606.05585
[astro-ph.CO].
[23] Hideo Kodama, Hideki Ishihara, Yoshihisa Fujiwara, ”Does a domain wall emit gravitational waves? –
General-relativistic perturbative treatment”, arXiv:gr-qc/9401007.
[24] Rong-Gen Cai, Zhoujian Cao, Zong-Kuan Guo, Shao-Jiang Wang, Tao Yang, ”The Gravitational Wave
Physics”, arXiv:1703.00187 [gr-qc].
[25] Song He, Shang-Yu Wu, Yi Yang, Pei-Hung Yuan, ”Phase Structure in a Dynamical Soft-Wall Holographic
QCD Model”, arXiv:1301.0385 [hep-th].
[26] Yi Yang, Pei-Hung Yuan, ”A Refined Holographic QCD Model and QCD Phase Structure”, arXiv:1406.1865
[hep-th].
[27] Yi Yang, Pei-Hung Yuan, ”Confinement-Deconfinment Phase Transition for Heavy Quarks”, arXiv:1506.05930
[hep-th] .
[28] Yi Yang, Pei-Hung Yuan, ”Universal Behaviors of Speed of Sound from Holography”, arXiv:1705.07587
[hep-th].
[29] Cabibbo N and Parisi G 1975 Phys. Lett. B 59 67.
[30] O. Philipsen, ”Lattice QCD at non-zero temperature and baryon density”, arXiv:1009.4089 [hep-lat].
[31] Michael Fromm, Jens Langelage, Stefano Lottini, Owe Philipsen, ”The QCD deconfinement transition for
heavy quarks and all baryon chemical potentials ”, arXiv:1111.4953 [hep-lat].
[32] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, ”Linear confinement and AdS/QCD”, Phys. Rev. D 74,
015005 (2006), hep-ph/0602229.
[33] M. Shifman, ”Highly Excited Hadrons in QCD and Beyond”, hep-ph/0507246.
[34] Hawking, S. W,Israel,W.(1979)., ”General Relativity:An Einstein Centenary Survey”.
[35] Meng-Wei Li, Yi Yang, Pei-Hung Yuan, ”Approaching Confinement Structure for Light Quarks in a
Holographic Soft Wall QCD Model”, arXiv:1703.09184 [hep-th].
[36] Witten, E.,”Cosmic separation of phases” , 1984. Phys. Rev. D, 30, 272.
[37] Chiara Caprini, Ruth Durrer, Xavier Siemens, ”Detection of gravitational waves from the QCD phase
transition with pulsar timing arrays”, arXiv:1007.1218 [astro-ph.CO].
[38] Stephan J. Huber, Thomas Konstandin, ”Gravitational Wave Production by Collisions: More Bubbles”,
arXiv:0806.1828 [hep-ph].
[39] Steinhardt, Paul Joseph, ”Relativistic Detonation Waves and Bubble Growth in False Vacuum Decay”,
Phys.Rev. D25 (1982) 2074 UPR-0181T.
– 24 –
[40] V. Borka Jovanovi, S. R. Ignjatovi, D. Borka, P. Jovanovi, ”Constituent quark masses obtained from hadron
masses with contributions of Fermi-Breit and Glozman-Riska hyperfine interactions”, arXiv:1011.1749[hep-ph].
[41] J. R. Espinosa, T. Konstandin, J. M. No and G. Servant, ”Energy Budget of Cosmological First-order Phase
Transitions”, arXiv:1004.4187 [hep-ph].
[42] Alberto Nicolis, ”Relic gravitational waves from colliding bubbles and cosmic turbulence”,
arXiv:gr-qc/0303084.
[43] Salvatore Capozziello, Mohsen Khodadi, Gaetano Lambiase, ”The quark chemical potential of QCD phase
transition and the stochastic background of gravitational waves”, arrXiv:1808.06188[gr-qc].
– 25 –
